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TREE VIGOR AND THE SUSCEPTIBILITY OF DOUGLAS-FIR TO ARMILLARIA ROOT
DISEASE

INTRODUCTION

The problem

Armillaria root disease causes important growth loss and mortality in forests

of the United States (Entry et al. 1992, Hadfield et al. 1986) and throughout the
world (Blenis et al. 1989). Although damage produced by this disease is sometimes

non-lethal (Kile et al. 1991), Arm/I/aria spp. (Fr.:Fr.) Staude is one of the most

important tree killers and decayers in the world (Garraway et al. 1991). On the
other hand, there is a common perception that Armilaria is a secondary pathogen,
colonizing or killing trees already weakened by some stress.
It

has been estimated that Armillaria root disease, together with other

important root diseases, causes at least 1 8% of the annual conifer mortality in the
western United States (Hadfield et al. 1986). In British Columbia, losses associated

with root diseases exceed 3.8 million cubic meters annually (Morrison et al. 1991

a). In the Pacific Northwest of North America, most of the damage from Armi/aria
occurs in conifers, and A. ostoyae is the species most frequently encountered (Kile

et al. 1991, Morrison et al. 1991 b). Particularly in the interior forests, Armilaria
causes mortality in all age classes and is able to kill relatively vigorously growing
trees, Douglas-fir and true firs being the most susceptible species (Kile et al. 1991,
Morrison et al. 1991 a).

In recent years, understanding of some important aspects of Armilaria
biology has improved, including the ecology and pathogenicity of the different

species, population structure, and the biology and biochemistry of infection.
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However, there are still some aspects that need more understanding in order to

allow us to predict and prevent losses.

In this thesis

I

explored the effects of

thinning, fertilizing and pruning on vigor and susceptibility of young Douglas-fir to
Armillaria root disease. A previously established experiment, designed to measure

the effects of silvicultural treatments on tree vigor, was remeasured. Trees on the

study sites were suffering mortality from Armillaria root disease; the correlation
between disease incidence and tree vigor was calculated.

Arm/I/aria distribution

Armi/aria occurs worldwide in boreal, temperate and tropical regions, as a
natural component of the mycoflora (Kile et al. 1991). The distribution of Armi/laria

species is best documented in temperate forests, probably because this is the
region where more damage has been recorded.

In Europe, six biological species, formerly considered to be Armi/aria me/lea

(VahI: Fr.) Kummer, have been identified (Guillaumin et al. 1993). The two most
aggressive species are A. mellea, which preferentially attacks deciduous trees and

species of Cupressaceae, and A. ostoyae (Romagnesi) Herink, which is most
commonly associated with Pinaceae. Both species are encountered as saprophytes

or killing suppressed forest trees (Kile et al. 1993, Gregory et al 1991). The other
European species are mainly saprophytic

In North America, nine species have been defined, which are commonly
designated with the acronym NABS (North American Biological Species) followed by

a Roman numeral (I, II, Ill, V. VI, VII, IX, X or Xl) (Harrington and Rizzo 1993,

Wailing et al. 1991, Berube and Dessureault 1988). NABS I, VI and VII are
considered to be the same species as the European A. mellea, A. ostoyae and A.

gaiica Maxmüller & Romagnesi, respectively. A. mellea and A. ostoyae are the
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most pathogenic species, the former typically on fruit trees, and the latter on
conifers (Gregory et al. 1991). The three species that occur in both Europe and
North America have also been found in other parts of the Holarctic region. Some of
the other species mentioned above, as well as others still undetermined may also be

present in less investigated areas outside of Europe and N. America (Kile et al.
1993).

In Africa, one species, A. heimi Pegler, has been well characterized. Another

species has been identified as A. mellea, but it has shown only partial compatibility
with temperate region isolates. In Australasia there are at least seven species, all of

them limited to the southern hemisphere. A luteobubalina Watling & Kile, A. novazelandiae (Stevenson) Herink and A. ilmonea (Stevenson) Boesewinkel are primary

pathogens in native and planted forests (Gregory et al. 1991). In South America,
about twelve taxa have been recognized. A. nova-zelandiae and A. limonea have

been found in Chile in association with southern beech forests. The pathology of
Armillaria has not been investigated in this subcontinent (Kile et al. 1 993).

Recognizing Arm/I/aria

This fungus produces a stringy, white type of rot on woody tissues, as a

result of degrading lignin and cellulose (Morrison et al. 1991 a and b). Infection
occurs in the roots of susceptible hosts, and it can be initiated either by mycelium

when an infected tree root comes in contact with a non-infected root, or by
rhizomorphs freely growing in the soil (Morrison et al. 1991 a and b, Stanosz and
Patton 1991, Rishbeth 1985).
characteristic of Armilaria.

The ability to form rhizomorphs
Rhizomorphs

are

string-like

hyphal

is a

unique

aggregations,

produced at the margins of mycelia (Morrison et al. 1991 a and b). Rhizomorphs

have an external cortex that protects them from desiccation, and a medulla
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specialized for internal transport of nutrients and water (Garraway et al. 1991). This

highly differentiated structure allows Armilaria to extend profusely and colonize
new environments without the necessity to obtain nutrients in situ.

Another structure that identifies Armilaria, the mycelial fan, is a creamy-

white hyphal sheet that grows in the cambial zone of roots and lower stem of
infected trees (Morrison et al. 1991 a). Armilaria basidiocarps are also helpful in
determining the fungus' presence in a site. However, some species do not produce
basidiomes regularly (Mc Donald and Martin 1 988).

Disease characteristics and management

Armillaria is a facultative necrotroph. It can either decompose dead matter,
or infect and kill living host tissue in order to obtain nutrients (Wahlström 1 992, Kile

et al. 1991). The degree of pathogenicity varies from species to species, but all
seem to have at least some capacity to infect live hosts.

As this fungus can persist for many years in its saprophytic phase on dead
trees, stumps or wood debris, it has not proven possible to completely eradicate the

fungus from a site. Damage caused by this disease can only be reduced through
management practices designed to favor disease-tolerant species, reduce inoculum,

or increase host vigor (Hadfield et al. 1 986). Increasing host vigor seems to be a
widely accepted strategy to minimize Armillaria root disease losses. However, the
effectiveness of this strategy may vary, considering that Armillaria spp. may behave
as primary pathogens, being able to kill vigorous plants, or as secondary pathogens

infecting trees that have been previously weakened by other factors (Guillaumin et
al. 1993, Rishbeth 1985).

The main objective of this thesis was to investigate how certain silvicultural
treatments affect tree vigor, and whether increased vigor reduces tree susceptibility
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to Armillaria root disease. Another important objective was to determine what
species and clones of Armillaria could be found in association with the disease in

the study sites. This helped to understand the epidemiology and population
structure of this fungus.

Thesis descriDtion

The main body of this thesis is divided into three parts: 1) a review of
selected topics,

2)

a study in which species and genets of Armilaria were

determined, and 3) a study on tree vigor and susceptibility to Armillaria root
disease. In the Review of Selected Topics, three subjects that are particularly

relevant to the comprehension of the following two chapters are presented. The
first topic discusses the relationship between dynamics of the infection process and
tree stress. The second explains the fundamentals of the measurement of tree vigor

as used in our research, and the third topic presents an hypothesis that has been
proposed to explain the distribution and impact of Armillaria root disease in western
North America.

The next two parts are research reports, with the structure of

scientific

articles. In the first of them, the species of Armillaria present in the study sites are
identified and the fungal population structure is characterized.

The second article addresses the primary objectives of this thesis: To study
the effect of thinning, pruning and fertilizing on tree vigor and to determine whether

or not tree vigor enhancement affects tree susceptibility to Armillaria root disease.

Vigor was measured using the concept of growth efficiency. Our hypothesis was

that vigorous trees would be less susceptible to infection and mortality by
Armillaria.
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REVIEW OF SELECTED TOPICS

Infection process and host stress

Unlike many other root pathogens, Armi/aria has the ability to penetrate
intact root bark (Wahlström 1 992). The outermost, non-living portion of the bark

seems to represent only a mechanical barrier to fungal penetration (Wargo and
Harrington 1991, Rishbeth 1985). Once the fungus has reached the inner bark,

living host tissue starts to form a secondary periderm, called "necrophylactic
periderm", beneath the tissue that has been injured by the invasion process. Some

portions of the tissue left outside by the new periderm soon lignify, and later the

layer of cells contiguous to the new periderm (outside the phelem) becomes
suberized (Wahlström 1 992). Depending on whether the host is a hardwood or a

conifer, gums or oleoresins are produced (Rishbeth 1985), which are believed to
restrict fungal development either by toxicity (Wargo and Harrington 1991), or by
physical isolation (Rishbeth 1985). Inner bark and sapwood can produce phenolic
compounds (Nicholson and Hammerschmidt 1 992) which are important inhibitors of

fungal growth (Entry et al. 1991 b, Wargo and Harrington 1991). These living
tissues also produce enzymes such as chitinase and

which may also

be important in limiting fungal development (Wargo and Harrington 1991). These

responses slow and sometimes halt the penetration of the fungus toward the
cambium. All these changes are produced to prevent the fungus from colonizing
internal, vital tissues such as cambium and sapwood.

When fungal development is not stopped by the defense mechanisms, the

pathogen is able to colonize and destroy the cambium, thus, producing the main

damage to the tree (Zollfrank and Hock 1987). What are the conditions in which
the fungus can overcome tree defense mechanisms? Wargo (1984) proposed

a
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model based on studies on Armillaria mellea attacking hardwoods. He observed that

under normal conditions, phenolic compounds (i.e. gallic acid, tannins) produced by

the tree have the ability to inhibit the growth of the pathogen after it successfully

penetrates the outer bark. Moreover, the host's carbon reserves are normally
unavailable to the fungus, being stored mainly as starch in root tissues. However,

when the host

is

subject to severe stress, important changes may occur,

particularly in the root cambial tissue. Starch and sucrose are converted into

reducing sugars, mainly, glucose and fructose. These sugars not only favor
Armilaria growth, but also provide energy for the fungus to oxidize phenols, which
can in turn be used as an additional source of carbon. Stress also increases amino
nitrogen and ethanol in root tissues, which also seem to facilitate phenol oxidation.

Trees that are healthy enough, that is, that can contain the oxidation reaction
produced by the fungus, are able to confine fungal growth to the already necrotic
tissues. Otherwise, fungal colonization continues, causing tree death. Entry et al.

(1991 a and b, and 1992) found evidence that seemed to corroborate Wargo's
hypothesis. They observed that inhibition of A. ostoyae growth

is

higher at

relatively high concentrations of phenolic compounds and low concentrations of
sugars and nitrogen. They also found that seedlings growing under limited nitrogen

supply and light, had a reduced amount of carbon available for producing defense
compounds, such as phenolics, lignin and tannin. Severity of A. ostoyae attack was

greater in these trees, compared to trees growing under normal nitrogen and light
conditions.

To what extent does Wargo's model explain all the variations observed in
Armillaria root disease occurrence and severity? Is stress a necessary condition to

produce infection and mortality, regardless of the host and the Armi/laria species
considered? The last question is difficult to address because there is no operational

definition of stress. It is difficult to establish, therefore, whether an organism is
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under stress or not.

For example,

Entry et al. (1991 b) hypothesized that when

trees are growing extremely fast, carbon reserves are preferentially allocated to cell

wall development, to produce support tissue. This may limit carbon to the shikimic

acid pathway, thus limiting the production of defensive compounds. They found

that trees growing very fast were more susceptible to A. ostoyae than trees
growing moderately fast.

Wargo and Harrington (1991) following Levitt (1972)

suggested that "stress" is an environmental factor that induces a potentially
injurious "strain" in an organism. Among other types of strain, they considered
chemical strain and defined it as any shift in carbohydrate metabolism. From this

point of view, trees growing fast

in

Entry and colleague's study, should be

considered under strain, although the same trees might be considered "vigorously"
growing trees from a classical, intuitive perspective.

One approach to the question above,

is

to investigate the basis for

resistance in non-susceptible tree species. Entry et al. (1992) compared the

susceptibility to A. ostoyae of seedlings of five conifer species. They found that

more susceptible species had lower concentrations of phenolics and higher
concentrations of sugars, suggesting that the same principles that explain the
differences in disease resistance between vigorous and stressed trees can be

applied to explain the differences in resistance among species. Robinson and
Morrison (1 993) proposed that the increasing resistance of western larch (Larix

occidentalis) to A. ostoyae with age, is due to increasing ability of the tree to
produce multiple cell layers in the necrophylactic periderm, and other reactions that

provide a rapid isolation of the invading fungus. Therefore, it seems that resistance

might be determined by a variety of morphological, histological, and chemical
reactions (Wahlström 1 992).

To analyze tree susceptibility, it is also crucial to consider the variation in

pathogenicity of the different species of Armil/aria. Among all the species that
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occur in the northern hemisphere, A. mellea and A. ostoyae are considered the
most pathogenic (Kile et al. 1991). A. ostoyae is particularly important in the Pacific
Northwest, due to its widespread distribution and its agressiveness on conifers. It is
commonly considered capable of attacking vigorous trees (Wahlström 1 992, Wargo

and Harrington 1991). When investigations on disease susceptibility are based on
the effects of this species on Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco),

a

major forest component in the Pacific Northwest, it can be anticipated that stress

might not be as important as in other pathosystems, because this tree species is
considered very susceptible to Armilaria (Shaw et al. 1991, McDonald 1990 c). In
pathosystems where the host is very susceptible, it seems particularly relevant to
investigate how differences in tree growth and vigor are reflected in susceptibility
to Armillaria root disease.

Growth efficiency: princiDles and measurements

Tree vigor is related to the capacity of a tree to grow, and to its competitive

ability (Barbosa and Wagner 1989). By determining tree vigor, the observer can
estimate how well a tree is growing, and how well it will continue to grow. Crown
ratio, tree form and appearance, a combination of age, size and crown class, as

well as needle retention, have been used to estimate tree vigor (Barbosa and
Wagner 1 989, Lindberg and Johansson 1 989). When it was recognized that tree
vigor is ultimately a description of the physiological condition of a tree, more precise

approaches were proposed. Starch content of the stem tissue, foliar moisture
stress, and electrical resistance of cambial or conducting tissues, are examples of

these approaches (Wargo and Harrington 1991, Barbosa and Wagner 1989,
Lind berg and Johansson 1 989). Tree vigor is also related to susceptibility to insects
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and diseases (Barbosa and Wagner 1989, Lindberg and Johansson 1989, Waring

1987). Trees with low vigor, that is, trees with poor physiological condition have
less energy available to expend on defensive strategies, therefore they are more
prone to suffer from insect attack and diseases (Barbosa and Wagner 1989).

The amount of accumulated biomass

in

relation

to the amount of

photosynthetic tissue has also been proposed as a measurement of tree vigor
(Waring 1991). This index has been called growth efficiency (Waring 1991 and
1 983). When trees are actively growing, there is a need for a continuous supply of

water and nutrients to produce photosynthates. Hence, production of new roots
and foliage have high priorities. If these demands are satisfied, stem growth occurs,
and if

additional carbohydrates are available, storage reserves and defensive

compounds are produced (Waring et al. 1992, Barbosa and Wagner 1989, Waring
1 987). At comparable amounts of photosynthetic tissue and similar nutrient supply,

trees that produce more biomass have more productive capacity, more ability to
store reserves and to produce defensive compounds (Waring 1983).

Tree growth efficiency is calculated by dividing the biomass produced in

a

certain period of time, by the canopy leaf area available at that time (Waring 1 987,

Oren et al. 1 985). Since trees have a large proportion of non-photosynthetic
tissues, biomass production can be assumed to be equivalent to production of these

tissues, typically wood (Waring 1987). Wood production is frequently expressed in

weight (Waring 1 987 and 1 983), but other estimates, such as annual basal area

increment, can be used (Oren et aI. 1985).

Direct measurements of biomass

require destructive harvest and are time consuming and expensive. In contrast,

indirect measurements based on allometric equations seem more convenient,
provided that they represent good predictors of biomass (St.Clair 1 993). Equations
that estimate biomass from dbh measurements are a good example of this (St.Clair
1993, Gholz et aI. 1979).
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Leaf area appears to be a good indicator of the photosynthetic capacity of a

tree, because it measures the area available for light reception. Total surface area

of the canopy depends on the number, size and shape of leaves (Waring 1983).
Canopy leaf area expressed as projected surface area is a frequent measurement of

the amount of photosynthetic tissue, and it is called "leaf area index" (LAI) (Waring

1983). When total leaf surface is projected to a unit of land surface, the resulting
leaf area index depends on foliage density and the number of canopy layers.

Total leaf area calculations can be made directly, by taking samples of
leaves or needles (Waring et al. 1982). Leaf or needle projected individual areas are

measured in a leaf area meter, projected areas are multiplied by 2 in the case of
leaves, and by 2.5 in the case of cylindrical needles (Waring 1983). The resulting
value of area is extended to the whole crown.
Indirect calculations of canopy leaf area can be based on allometric

equations (St.Clair 1 993). Leaf area has been proposed to be linearly related to the

cross-sectional area of sapwood, based on the so called "pipe model theory"
(Pothier et al. 1989, Waring et al. 1982, Waring 1983). This model suggests that
the amount of sap a given portion of foliage needs is fixed, and that the leaf area of

this portion corresponds to a constant area of the conducting wood (Cannell and
Dewar 1994, Waring et al. 1982). Leaf area can be estimated, once the regression

line that relates total leaf area with sapwood area has been obtained from direct
measurements of a sample of trees (Smith et al. 1991, Waring et al. 1982). The
limitation of this approach is that the sapwood area-leaf area relationship varies
among species, and also among trees of different sizes and different environments
within the same species (Cannell and Dewar 1994, Smith et al. 1991, Waring et al.
1982). Ideally, an empirical sapwood-leaf area relationship should be established in

every study in which conditions are suspected to be different from previous
relationship estimates. Once the sapwood area has been measured and leaf area
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has been estimated for each tree, all tree leaf areas are added up, and the total leaf

area is divided by the land area occupied by the trees to obtain the leaf area index
for the stand (Velázquez-MartInez et al. 1992, Smith et al. 1991).

An alternative estimation of LAI can be done by calculating the portion of

light intercepted by the canopy (Law et al. 1992, Smith et al. 1991), which also

depends on the foliage density and the number of layers (see above). In this
approach LAI calculation needs measurements of light intensities below and above

the forest canopy. A light extinction coefficient, k, derived from the Beer-Lambert
law (Law et al. 1 992), is also used for the computation. This coefficient is assumed
to be constant for each tree species (Smith et al. 1991, Waring 1983).
In the present study, I calculated growth efficiency per year for each tree for
a given period of time, by: 1) estimating biomass increment per year, based on dbh

measurements, using allometric equations developed by Gholz et al. (1 979), 2)

estimating leaf area at the beginning of the period by measuring cross-sectional

sapwood area of each tree, and using a sapwood area-leaf area relationship
developed by Waring et al. (1982). Growth efficiency was considered individually or

averaged by treatment plot, depending on the type of analysis (Chapter 3 of this
work).

EcoDhysiological maladaptation

It has been observed that Arm/I/aria species have relatively low impact on

Douglas-fir and other conifer species in forests west of the Cascade range, as

compared to forests east of the Cascades in the Pacific Northwest of North
America (Kile et al. 1991). The reasons for this difference in mortality are not well
understood, but in theory it could be due to: a) genetic differences in the pathogen,
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b) genetic differences in the host, C) differences in the environment (which may,
among other things, induce strain on the host), or d) a combination of these.

One of the hypotheses that has been proposed to explain this difference in
disease impact is referred to as "ecophysiological maladaptation" (McDonald 1 990

a, b and c). This hypothesis is based on the premise that no factor alone can
explain the present distribution and impact of Armillaria root disease in the Pacific
Northwest. Instead, it recognizes that when the distribution of a potential pathogen

coincides with the distribution of a potential host, chances are that disease will
occur only if appropriate environmental conditions are present. The environment

determines whether the host or the pathogen

is

favored by affecting host

susceptibility and/or pathogen aggressiveness.

The hypothesis of "ecophysiological maladaptation" is based on the idea
that the genetic composition of both host and pathogen provides them with certain
tolerances to natural stresses. This means that these organisms are genetically apt
to accomodate a variety of environmental conditions, a phenomenon that has been

called "reaction norm".

However, if some conditions become extreme, and, for

example, host tolerances are exceeded while fungal tolerances are optimized,
disease becomes more likely to occur. If these extreme conditions constitute a
"normal" situation, then populations of the host, in this case, are maintained in

a

state of "physiological maladaptation".
The hypothesis can be illustrated by considering the distribution of Arm/lana

in relation to the habitat type site index for Douglas-fir in the Northern Inland west

(McDonald 1990 c). Douglas-fir is found as an important component of a wide
variety of habitat types. Some of these types, however, would support Douglas-fir

populations that are not well adapted, or maladapted, to the corresponding
environment. For example, the hypothesis predicts that Douglas-fir growing in

a

high productivity site (site index equal or higher than 100 feet/100 years) within
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the THPL (Thuja plicata) climax series, will tend not to express disease. But a low
site within the THPL series would have a high probability of Armillaria root disease
expression. In this case, climax series combined with site index is used to

characterize a particular environment, and to indicate how well Douglas-fir is
adapted to it. According to these predictions, McDonald (1990 a and b) found that

the most productive sites in the inland western United States had a low incidence

of disease, and A. ostoyae was present in a non-pathogenic mode. On the other
hand, less productive sites showed a higher disease incidence.

In more extreme

sites, like warm-dry and cold-dry habitats, Armi/aria was absent.

This hypothesis is meant to apply to all western North America, although its
predictive capacity still needs to be tested by more extensive surveys. For example,

habitats occurring on the west side of the Cascade range, where the present work

was carried out, have not been included in the samplings reported by McDonald
(1990 a,b and c). However, this author suggested that damage caused by Arm/lana
in these habitats might be very limited. In these ecosystems with high productivity,

A. ostoyac, a species widely present, would have lower impact than in other less
productive ecosystems. In cases like the former, low vigor of individual trees would
be a necessary condition for disease occurrence and expression.

Concluding remarks

The infection process of Armillania was characterized and the possible
effects of this process on stressed hosts were discussed. Although in the present
work there will be no direct measurement of stress to address Wargo's hypothesis,

it is proposed to investigate to what extent vigor predisposes the host to Armillaria

root disease, under the premise that strain is a descriptive term for low values of

vigor. In the second topic, the concept of tree vigor was discussed, and some
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methods to estimate it were presented. Growth efficiency was considered in detail,

as an accurate method to estimate tree vigor. For the purpose of this thesis, tree
vigor will be used as a synonym for growth efficiency.
The ecophysiological maladaptation hypothesis discussed above, appears to
be a valid attempt to explain the distribution and impact of Armillaria root disease at
a regional level.

This hypothesis is complementary to Wargo's hypothesis, in the

sense that the former is based on the regional scale, and the latter on the individual

tree scale. Therefore, efforts to integrate both hypotheses should be made in the
future.

Growth efficiency as a method to describe resource allocation and resource
utilization efficiency can be applied both at the individual tree level, and at the stand

level. At the individual tree level, it can provide precise mesurements and a better
definition of stress. At the stand level, it can help to understand and describe forest
condition and productivity.

In the present research, it was expected to find a relationship between tree

vigor and disease incidence, as anticipated by Wargo and other researchers. As

predicted by the ecophysiological maladaptation hypothesis, in productive sites
west of the Cascade Range, host stress may play a very important role in disease
distribution and damage.
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IDENTIFICATION OF ARMILLARIA ISOLATES

Introduction

Analyses of forest diseases require an accurate taxonomic identification of

the pathogen involved. Misidentification of the pathogen may lead to misguided
management activities.

For example, until the late 1970's it was believed that

Armillaria root rot was caused by a single species, Armillaria mellea. Several species

within the genus have now been recognized, and a better understanding of the
variability in ecology, pathogenicity, and host specificity of the disease has been

achieved (Mallet 1990, Lin et

al.

1989, Korhonen 1987). It has also been

recognized that improved taxonomic resolution may provide clues to better
characterize particular situations, through the analysis of population structure and
genetics.

In this study, we sought to identify the species of Armilaria present in

our study sites on the H. J. Andrews Experimental Forest,

and to determine the

number of somatic incompatibility groups within species.

The mating system

in

Armilaria

is

heterothallic, which means that

fertilization is possible only when the alleles that regulate sexual compatibility of the

two hyphae involved are different (Karlsson 1 993). The mating system is termed

"bifactorial", because two loci are involved (Mohammed et al. 1994), and
"tetrapolar", because in a given mating process two possible alleles for each of the

two loci interact (Guillaumin et al. 1991, Guillaumin and Berthelay 1990, Korhonen
1987). For example, a diploid individual with a genetic composition: Ai Aj Bi Bj (two

loci "A" and "B", and two alleles per locus "i" and "j"), will produce four types of
basidiospores: Ai Bi, Ai Bj, Aj Bi and Aj Bj. If the first type finds another spore with
the same composition, Ai Bi x Ai Bi, it will result in a fully incompatible reaction. Ai

Bi x Aj Bj, will be completely compatible, and any other combination will result in
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partial, or hemicompatibility (Rizzo and Harrington 1992, Guillaumin et al. 1991,
Guillaumin and Berthelay 1 990). In a population, however, chances that two haploid

individuals belonging to the same species will produce a compatible reaction are

very low, because there are presumably several dozens of alleles at each locus
(Guillaumin et al. 1991, Guillaumin and Berthelay 1990).
The "Buller phenomenon", observed in Hymenomycetes including Armi/laria

(Karlsson 1993, Guillaumin et al. 1991), occurs when a diploid (or dikaryon in the
case of most Hymenomycetes other than Armil/aria) and a compatible haploid meet
and undergo hyphal fusion. This phenomenon is regulated by the same compatibility

principles as the sexual system, although in this case nuclei are provided solely by

the diploid which replaces the original haploid nuclei (Rizzo and Harrington 1 992,
Guillaumin et al. 1991). Two decades ago, Hintikka observed that "in vitro" mycelia
originating from one basidiospore (haploid) had a typical fluffy, whitish morphology,

whereas diploid mycelia tended to produce less aerial hyphae, and a brown,
crustose appearance (Guillaumin et al. 1991, Korhonen 1987). This macroscopic
evidence of the

Buller

phenomenon has

been

useful

in

Armilaria species

determination. To perform this test, a known haploid is confronted against a diploid

in a Petri dish. If after some weeks, the haploid tester starts to show a darker,
crustose appearance, it means that the diploid isolate belongs to the same species
as the tester (Rizzo and Harrington 1992).
Somatic

incompatibility

is

distinct

from

the

sexual

incompatibility

phenomenon described above. In somatic incompatibility, an antagonistic reaction
occurs when the thalli of two genetically different individuals meet (Karlsson 1 993).
This is particularly noticeable among the lignivore Hymenomycetes (Guillaumin and

Berthelay 1990), where antagonism plays an important role in the competition for
resources. When a portion of substrate has been occupied by a fungal mycelium,
antagonism prevents other fungal competitors from penetrating this zone.
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Somatic incompatibility has been proposed as the main mechanism that
operates in nature to maintain the individuality of secondary (diploid or dikaryotic)

mycelia of Hymenomycetes (Worral 1994). This incompatibility operates among
species, but also, within "individuals" of the same species. Although the genetic
basis of this system is not known in Armilaria (Smith et al. 1 994, Guillaumin et al.

1991) it is thought to be a polygenic trait (Smith et al. 1994). This phenomenon
has been widely used to understand the population ecology of Armilaria (Guillaumin

etal. 1991).
Mycelia that are genetically identical will intermingle if they are confronted in

a Petri dish, producing a single mycelial mat. If mycelia have a different genome,
they will tend to keep separate from each other. Because the mycelia of both fungi

are less dense in the confronting edge, a clear line appears along this edge, often

called a "non-colored line" (McDonald, G.l., Burdsall, H.H. and Shaw, C.G. Ill,
unpublished; Guillaumin et al. 1991). When two confronting isolates form a "non-

colored line", they are considered to belong to different somatic incompatibility
groups (SIG's) of the same species. SIG is often used interchangeably with the
more conceptual term, clone (McDonald and Martin 1 988). Two portions of mycelia

that are somatically compatible are assumed to be genetically similar enough to be

part of the same clone, that is, the same "individual" (by analogy with higher
animals) (Guillaumin et al. 1991).

If mycelia of different species of Armil/aria are confronted, a dark pigmented
line appears instead

of

a

non-colored line. This intersterility reaction, often

described as "black line" has also been proposed to delineate different species of
Armi/aria (McDonald, G.l., Burdsall, H.H. and Shaw, C.G. Ill, unpublished).

Some authors have pointed out that distant isolates of Arm/I/aria belonging

to the same SIG might not be physically connected (Wahlström and Vollbrecht
1992), which makes the analogy with animal individuals less clear. Worrall (1994)
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and Smith et al. (1994) suggested that "genet", meaning a population unit with

a

uniform genotype, is an appropiate term. Ramet, is a term proposed by some
authors (Smith et al. 1994) to designate each portion of a given genotype (genet)

physically disconnected from the rest.

Clone appears to be used either as

equivalent to genet (Rizzo and Harrington 1 993, Guillaumin and Berthelay 1 990, Lin

et al. 1989, Dumas 1988, McDonald and Martin 1988) or to ramet (Worrall 1994).
For this reason, the term clone will be avoided in this study.

Isozyme patterns obtained through gel electrophoresis have been proposed

as a way to determine genetic differences among isolates of Arm/lana (Lin et al.

1989, Morrison et al. 1985 b).

lsozymes are enzymes with different molecular

structure which are encoded by different genomic loci, but share the same catalytic

function in an organism (Karlsson 1993, Morrison et al. 1985 b). This variation in
structure and amino acid composition frequently results in different electrophoretic

mobility which in turn can be visualized as a specific banding pattern following gel
electrophoresis (Micales et al. 1 986).

In this study, mating tests, somatic compatibility tests, and isozyme analysis
were used to determine the species of Armilania occurring in each of four Douglas-

fir plantations. Somatic compatibility tests were additionally used to determine the

number of genets within species. Population structure and distribution of the
pathogen were analyzed. Feasibility and precision of the methods employed are
discussed.
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Materials and methods

Research area and background

This work was done at the H.J. Andrews Experimental Forest (Blue River
Ranger District, Willamette National Forest), in the central portion of the western
Cascade Mountains in Oregon. All four sites used in this study were situated within
the Tsuga heterophylla Zone (Franklin and Dyrness 1 973), where western hemlock

(Tsuga heterophylla Sarg.) and western redcedar (Thuja pilcata D. Don.) constitute
the climax tree species, and Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco var.

menziesi,) occurs in large areas as a dominant, sub-climax species. Sites were
named L107, Liii, L405 and L701. Areas of the four sites ranged from 4.1 to 6.8
ha

(for more details see next section). These sites, previously uncut, were

harvested and slash-burned between 1 958 and 1 965, and planted with Douglas-fir.

Since then, some natural regeneration of Douglas-fir, western hemlock and western

redcedar has occurred. In 1989 tree mortality associated with Armillaria root
disease was first noted in all sites. In 1 993 the present study was initiated.

Fungal isolation

Armi/aria isolates were obtained from fresh mycelial fans, rhizomorphs or
basidiomes, mostly associated with dead or diseased trees (Table 1). Source trees

were chosen to sample the entire diseased portion of each site. Source trees were

tagged and mapped. Fungal samples were aseptically transferred to enhanced
medium (3% malt extract, 2% dextrose, 0.5% peptone and 1 .5% agar) (McDonald,

G.l., Burdsall, H.H. and Shaw, C.G. Ill, unpublished) amended with antibiotics
(streptomycin 100 ppm, tetracyclin 30 ppm, rifampicin 10 ppm, ampicilin 250 ppm,
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Table 1. Characteristics of isolates and testers
Number

Species

Ploidy

Genet

Source

A. ostoyae
A. ostoyae
A. ostoyae
A. sp. 2
A. ostoyae
A. ostoyae
A. sp. 3
A. ostoyae
A. ostoyae
A. ostoyae
A. ostoyae
A. ostoyae
A. ostoyae
A. ostoyae

2n
2n
2n
2n
2n
2n
2n
2n
2n
2n
2n
2n
2n
2n

V
V
V

Mycelia on live Douglas-fir
Mycelia on live D.-fir
Mycelia on dead or live D.-fir
Rhizomorphs on dead D.-fir
Mycelia on live 0.-fir
Mycelia on dead or live D.-fir
Rhizomorphs on maple stump
Mycelia on dead or live 0.-fir
Mycelia on dead D.-fir
Mycelia on dead or live 0.-fir
Mycelia on dead D.-fir
Mycelia on dead West. hemlock
Mycelia on dead or live 0.-fir
Mycelia on dead 0.-fir

NM 114 1

A. ostoyae

POR 100 1

NABS X
A. ga/lica

2n
2r,

FIELD ISOLATES
107-1

107-3

107-5 to 107-10
107-1 1

111-2

111-3 to 111-10
111—11

405-1 to 405-3
405-5
405-6 to 405-9
405-10
405-11

701-1 to 701-5
70 1-6

W
N

0
P

Q
Q
R

S

X
Y

TESTERS

1,3 and 62
1-2, 1-11, 3-3 and 3.92
4 and 6 2
4, 5 and 7 2

n

A. ostoyae
A. sinapina

n

NABS IX

n

n

Collector: 0. Morrison, 2 Collector: G. McDonald.
NABS = North American Biological Species (see Introduction)
A. sp. 2 and 3 = Undetermined Armilaria species
1

PCNB 0.1 % and benlate 10 ppm), and grown in the dark at room temperature until
typical pure Armi/aria colonies developed.

Pairing tests

Species identification and genet delineation were carried out using diploiddiploid pairings and haploid-diploid pairings. Field isolates were paired against each

other, as well as with known diploid testers (Table 1) on enhanced

medium

60x15 mm petri dishes. Paired isolates were separated by 5 and 10mm (Fig.1).

in
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Plugs of field isolate A

Plugs of field isolate B
or haploid or diploid tester

Petri plate

Figure 1 Pairing procedure

Mycelial interactions were interpreted as to determine if isolates belonged to the
same somatic incompatibility group (SIG), different SIG and same species, or to
different species (McDonald, G.I., Burdsall, H.H. and Shaw, C.G. Ill, unpublished;
Guillaumin and Berthelay 1 990).

An isolate representing each putative genet (somatic incompatibility group)
or species that resulted from the diploid-diploid pairing was confronted against 4 A.

ostoyae, 3 A. gall/ca, 2 A. s/nap/na Bérubé & Dessureault and 3 NABS IX haploid
testers (Table 1). These tester species were the ones that would probably be
present in our sites, based on their known distribution (Kile et al. 1 993). The pairing

procedure was the same as the one described for diploid-diploid pairings above.

After 45 days, three 4 mm diam. plugs were taken from each pairing plate. One
plug was taken from the haploid isolate, 2 mm away from the confrontation line;
one plug was taken at the opposite side of the haploid isolate, and the third one,
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from the diploid one (Fig. 2). Plugs were transferred to 60x1 5 mm petri dishes with

1.5% Malt Extract Agar, and the mycelium morphology was observed after 7, 10
and 1 3 days. Tests were repeated. Pairing readings were performed independently
by two observers, and results between readers were compared.

Isozyme analysis

Isozyme patterns were studied by performing starch gel electrophoresis.
Field isolates were grown in 250 ml flasks with 50 ml of potato broth, at ambient
temperature for 3 weeks. Mycelia were then vacuum filtered, rinsed with distilled
water, and stored at -30 C until use. Enzymes were extracted adding an extraction

buffer (0.2 phosphate, pH 7.5) to mortars in which liquid-nitrogen frozen mycelia
were ground. Enzyme extracts were absorbed through brown filter paper onto 4x12

mm Whatman chromatography paper wicks, and kept frozen at -30 C. Starch gels
were prepared following Conkle et al. (1982). Buffer systems used in each isozyme

are listed in Table 2, and are based on Conkle et al. (1982), except for buffer ttE"

which is a modification of buffer "D". An electrical current (320 V) was applied to
gels, setting a different amperage for each buffer system as specified by Conkle et

al. (1982). Fifteen minutes after the current started, wicks were removed from
gels, and current was then applied for approximately 5 hs. Sources for staining

procedures are shown in Table 2. The isozyme banding patterns of all testers
mentioned in the previous section were compared with 11 unknown isolates, each

one representing a different species or SIG (genet), as determined by the pairing

test. The enzyme systems that were used for comparison of isolates are listed in
Table 2.
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--

plug to be
transferred

plug of
field isolate

Confrontation line

plug of
haploid tester

.

--

plug to be
transferred

---

plug to be
transferred

Figure 2 Extraction of plugs from haploid-diploid pairings

Results

Pairing tests

Results from the diploid-diploid pairings suggested that 25 isolates (72%)
were A. ostoyae, and that 8 (23 %) were probably A. ostoyae. Two isolates (5 %)
were likely different, undetermined

species.

Out of a total of 258 pairings, 1 6

pairings were interpreted differently by the two readers. Interpretations differed in

whether to assign "black line" (reaction between two different species) or "noncolored line" (different SIG of the same species).
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Table 2 List of enzymes tested, gel buffer used, and source of staining method.
Isozymes

Gel buffer

Staining method

Aconitase
Alcohol dehydrogenase

E,A
A,E

Catalase
alpha-esterase

A

Conkle et al. (1982)
Conkle et al. (1 982)
Conkle et al. (1982)
Conkle et al. (1982)
Conkle et al. (1982)
Conkle et al. (1 982)
Conkle et al. (1982)
Conkle et al. (1982)
Conkle et al. (1982)
Conkle et al. (1982)
Cheliak and Pitel (1984)
Cheliak and Pitel (1984)
Cheliak and Pitel (1984)

Glucose-6-phosphate dehydrogenase
Glutamate-oxalacetate transaminase
Isocitrate dehydrogenase
Malate dehydrogenase
6-Phosphogluconate dehydrogenase
Phosphoglucose isomerase
Polyphenol oxidase
Sorbitol dehydrogenase
Succinate dehydrogenase

B

B,E
B

D

D, E
D, E

A
B
B

D, E

The haploid-diploid test showed a clear lack of diploidization for all the
isolates when confronted against any of the A. gaiica testers. With A. ostoyae, A.

sinapina and NABS IX testers, results were less defined.

Some pairings yielded

crustose mycelium, while others of the same tester continued to grow aerial, white
mycelium, when confronted with the same diploid putative species. Between these

two types of reactions, many intermediate ones were observed. The test was
repeated with less ambiguous results. This second test confirmed the results of the
diploid-diploid pairings, for which 33 isolates seemed to be A. ostoyac.

Isozyme analysis

Of the 13 enzymes tested, only malate dehydrogenase (MDH), 6-phospho
gluconate dehydrogenase (PGD), glutamate oxalacetate transaminase (GOT) and
sorbitol

dehydrogenase (SrDH) showed distinct banding patterns, which are

represented in Figure 3. In the MDH system, A.ostoyae testers had 2 bands (a and

b) that were also seen in isolates 107-10, 701-5, -6, 405-3, -5, -11, and 111-2.
Isolate 111-7 had only band a in common with A.o. testers.

In the PGD system,
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Ao

Ao

Ag

IX

As

X

2n

n

n

I,

n

2n

D7-11
2n

2n

111-11

2n

701-5

701-6

405-3

405-5

405-11

111-2

111-7

2n

2n

2n

2n

2n

2n

2n

MALATE DEHYDROGENASE

a

b

6-PHOSPHO GLUCONATE DEHYDROGENASE
C

GLUTAMATE OXALACETATE TRANSAMNASE

d
DEHYDROGENASE

e

Figure 3 Isozyme banding patterns of testers and isolates of Armillaria. Isolates are

represented by four or five digit numbers. Ao=A. ostoyae, Ag=A. gall/ca, As=A.
sinapina, IX=NABS IX, X=NABS X, 2n=diploid testor, n=haploid testor. a, b, c,
d, e = bands that are mentioned in the text.

A.o. testers share a band (band c) with the A. gaiica tester, and with isolates 107-

10, 701-5, -6, 405-3, -5, -11, 111-2, and -7. In the GOT system, the lowest band
(band d) can be seen in A.o. testers, and in 107-10, -11, 701-5, -6, 405-3, -5, -11,

111-2 and -7.

These isolates (except 107-11) also share band e in the SrDH
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system. Isolates 107-10, 701-5, -6, 405-3, -5, -11, 111-2, and -7 were identified

as A. ostoyae by the pairing tests.

Isolates 107-11 and 111-11 seemed to be

different species.

Diploid-diploid pairings, haploid-diploid pairings and isozyme tests suggested

that 33 of 35 isolates (95% of the total) were A. ostoyae. Two isolates seemed to
be one or two different, undetermined species. One of these isolates was recovered

from a maple stump, and the other was found growing saprophytically on a dead
Douglas-fir (Table 1).

Diploid-diploid pairings delimited 10 different somatic incompatibility groups
(SIG's) within A. ostoyae. Each one of the sites was characterized by the presence
of a large SIG (Figs. 4-7). Isolates belonging to this SIG occupied areas that ranged

from 0.1 to 2.23 ha depending on the site considered. Site 107 had two more
isolates separated by 1 54 m which belonged to a second SIG, as well as another
isolate of a different species (Fig. 4). Site 111 also had one isolate from a different

A. ostoyae SIG and another from a different species (Fig. 5). Site L405 had three
more isolates, each one from a different A. ostoyae SIG (Fig. 6). Site 701 had one
isolate belonging to a second SIG (Fig. 7).

Discussion

Information obtained from mating tests and isozyme analysis was useful at
the species level, whereas diploid-diploid tests provided clues to determine whether

isolates belonged to the same SIG or not.

complemented each other in obtaining

Hence, results from all three methods
a

satisfactory picture of the genetic

variability present in our sites.
Diploid-diploid

inter- and

pairings

intraspecific

presented

incompatibilities.

difficulties in distinguishing between
Isolates

that tended to

produce
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Figure 4 Map of Armilaria isolates from site Li 07. Different symboEs represent
different

genets of Arm/I/aria ostoyae. Circle (0) represents a different,
undetermined species. Genet delimitations are arbitrary, and do not necessarily

imply mycelial connection between isolates. Segment represents 20 m.
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Figure 5 Map of Armilaria isolates from site Li ii. Different symbols represent
different genets of Armilaria ostoyae.

Circle (0) represents - a different,
undetermined species. Genet delimitations are arbitrary, and do not necessarily

imply mycelial connection between isolates. Segment represents 20 m.
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Figure 6 Map of Armilaria isolates from site L405.

Different symbols represent
different genets of Armilaria ostoyae. Genet delimitations are arbitrary, and do not
necessarily imply mycelial connection between isolates. Segment represents 20 m.
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Figure 7

Map of Armilaria isolates from site L701. Different symboJs represent
different genets of Armilaria ostoyae. Genet delimitations are arbitrary, and do not
necessarily imply mycelial connection between isolates. Segment represents 20 m.
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less aerial mycelium and sparse, submerged mycelium in the agar plates were
particularly difficult to interpret. These problems have been noticed

before

(Guillaumin and Berthelay 1990), which is probably the reason why some authors
only distinguish two types of reactions: fusion, and the presence of a demarcation

line (Smith et al. 1994, Worrall 1994, Rizzo and Harrington 1993). In general,
diploid-diploid pairings have other limitations. This method does not always

distinguish between closely related genets (Worrall 1994, Guillaumin et al. 1991),
particularly between those that have one parental genotype in common (sib-related

mycelia) (Karlsson 1993,

Guillaumin

et

al.

1991). This may lead to an

underestimation of the true genetic variability occurring in an area.

Haploid-diploid tests are not always considered to be reliable (McDonald
1 990 b), or easy to interpret (Guillaumin et al 1 993). In general, the variation of

reactions found in our study is also reflected in the literature. For example,
Wahlström and Vollbrecht (1 992) reported that the change in mycelial morphology

from fluffy to crustose was not always a reliable trait to interpret the reactions.
However, in some cases they observed that haploid mycelia produced relatively
much more aerial mycelia than the diploid ones, and used this feature to interpret

the pairings. Siepman (1987) observed that in compatible pairings, the haploid

tester ceases to grow at the confrontation

line, whereas in non-compatible

reactions testers overgrew the diploid isolate and tended to occupy the whole plate

if enough time was provided. We found this feature decisive in some cases.

The enzymes analyzed in this study were chosen based on the literature
(Rizzo and Harrington 1993, Rizzo and Harrington 1992, Lin et al. 1989), as well as

on previous research on other fungal species. The purpose of this selection was to

examine a large number of enzymes in order to find the isozyme systems that
clearly show the variability among our isolates and the testors. Isozymes reported
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by other authors in studies on Armillaria did not give readable results in this study,
probably due to adjustments of the technique.

The enzymes that did give readable results allowed us to confirm pairing

results at the species level. To make more detailed interpretations of isozyme
patterns it is necessary to test a large number of different species and genets in
order to obtain a good notion of the intrinsic variability at different taxonomic levels.

This characterization also needs to be assisted with mating tests (Lin et al. 1989).
Moreover, extensive isozyme studies may be used to delineate genets (Rizzo and
Harrington 1 993, Morrison et al. 1 985 b).

To better characterize the population

structure of Armi/aria in our study, it would be necessary to: 1) intensify sampling
in order to obtain at least 2 or 3 isolates of each genet, 2) use testers of the same

species as the isolates from different, distant sources, 3) use testers of different
species to distinguish intra- from interspecific variability.

A. ostoyae was the only species associated with aggresive colonization or

mortality of trees.

This was expected based on current literature and previous

studies on conifers (Mohammed et al. 1994, Worrall 1994, Guillaumin et al. 1993,
Blodgett and Worrall 1 992, Wahlström and Vollbrecht 1 992, Mallet 1 990, Morrison

et al. 1985 a).
Genet size in this study was comparable to what Wahlsträm and Vollbrecht

(1992) found for A. ostoyae infected plantations of Norway spruce and Scots pine

plantations in Finland. Shaw and Roth (1976) found much larger genets of A.
mellea (probably A. ostoyae), estimated to be in the hundreds of hectares. On the
other side, larger genets described by Smith et al. (1994) are equivalent in size to
the smaller ones found in this study. In the present study, genet areas might have
been underestimated because we did not sample beyond the artificial boundaries of

the plots. Even when samples were taken sparsely, the assumption that distant
isolates of the same SIG are part of a large, single genet seems to be accurate,
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because different genets tend to be segregated in space and not intermingled (Rizzo

and Harrington 1993). However, in one plot an unrelated isolate within the area of
the largest genet was found (Fig. 6). If it is assumed that genets can grow radially
at about 2 rn/yr. which is the highest rate estimate found in the literature (Smith et
al.

1994, Worrall 1994), it would have taken approximately 100 years (of

continuous growth) for the largest genet found in this study to reach its present size
of 205 rn radius.

Armillaria seems to establish on a site by means of basidiospores (Rishbeth
1 988 and 1 985). If this is a frequent event, numerous small genets will be formed

(Rishbeth 1988), particularly when conditions for secondary spread are not ideal
(Worrall 1 994). Large genets appear to be the result of extensive vegetative spread

via rhizomorphs and root contacts after initial establishment of the fungus has
occurred. Large genets on our sites may have started to develop long before the

old-growth stands were cut (28-35 years ago) if estimates of spread rates are
correct (see above). Cutting of the original stand might have favored inoculurn build-

up and subsequent vegetative spread because it left big stumps that could be
rapidly colonized by Armilaria (Rishbeth 1988). Klein-Gebbin et al. (1991) observed

that big stumps left from the previous stand were an important source of inoculum

for some years after the original stand was cut, and it was at this stage that
disease centers were created. As the young trees grew, secondary infection was
more important, and disease centers began to expand.

Although this aspect was

not addressed in our study, we found some evidence of both stump-to-tree and
tree-to tree mycelial spread.

In contrast, rhizomorphs were seldom observed. On

some sites, disease centers were easy to delimit, while in others they seemed to
have coalesced. On all sites, the expected outward pattern of expansion of disease

centers was not evident, since some recently killed, and some infected but living
trees tended to appear intermingled with older mortality.
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Differences in virulence among genets is a possibility that some authors have

considered (Guillaumin et al. 1991, Gregory et al. 1991, Dumas 1988) to explain
differences in disease impact. Although isolate sampling was not intense enough to
determine the exact extension and limits of genets, a combination of disease center

maps and genet maps, as can be seen in Fig. 8 (also: Figs. 4-7, and A.1-A.4),

suggests that one, or at most two genets were responsible for most mortality
observed on each site.
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Figure 8 Map of disease centers and genets of Armilaria, of site L405. Dots
represent Armilaria symptomatic and dead trees. X's represent trees from which
field isolates were obtained. Different shading patterns represent different genets of
Armi/aria ostoyae. Genet delimitations are arbitrary, and do not necessarily imply
mycelial connection between isolates. Segment represents 20 m.

• I?

I

U

I

I

I

37

Figure 8 Site L405
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TREE VIGOR AND SUSCEPTIBILITY TO ARMILLARIA ROOT DISEASE

Introduction

Armillaria root disease is a common cause of mortality in coniferous forests

of western North America (Kile et al. 1991), affecting both natural regeneration
(Kile et al. 1991) and plantations (Hood et al. 1991). Armillaria is the most frequent
genus encountered among all forest root pathogens, and has a wide geographical
distribution and host range (McDonald 1 990 a). We need a better understanding of
host-pathogen interactions within this system in order to predict the occurrence and

consequences of Armillaria root disease in western forests.

In

this study we

explored the effect of thinning, fertilization and pruning on tree vigor, and how this
in turn influences tree susceptibility to Armillaria root disease.

It is commonly stated that Armilaria pathogenicity is greater when trees are
somehow weakened (Wargo and Harrington 1991) or stressed (Entry et al. 1991 b,

McDonald et al. 1987). At least, host predisposition seems to be more important

with Armilaria than with other tree root diseases (Wargo and Harrington 1991).
However, it is hard to make generalizations about tree susceptibility because

Armi/laria species differ greatly in pathogenicity (Gregory et al. 1991, Kile et al.
1991, McDonald et al. 1991, Rishbeth 1985). Moreover, other variables such as

host species, site conditions (Blodgett and Worrall 1992, Mugala et al. 1989,
Bérubé and Dessureault 1988), stand age (Stanosz and Patton 1991) and history,
and plant community type (McDonald et al. 1 987) may also influence the system.

Forest stand management is one possible way to reduce current and future

losses from Armilaria infections (Morrison 1981, Hadfield et al. 1986, Hagle and
Shaw 1991). Management techniques that improve tree vigor may be an effective
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approach, given that tree predisposition seems to play an important role in the
infection process (Wargo and Harrington 1991).

Tree vigor has been defined in different ways (see Review of Selected
Topics). One definition refers to the relative capacity for tree growth (Wargo and
Harrington 1991), which can be expressed as the aboveground biomass increment

per unit of photosynthetic tissue, referred to as growth efficiency (Waring 1983).
Growth efficiency is a function of photosynthetic efficiency, that influences carbon
allocation (Velázquez-MartInez et al. 1 992) and the ability to produce plant-defense

compounds (Waring 1983). It has been hypothesized that the higher the growth
efficiency, the better a tree can resist a pathogen attack, and that it can be used as
a predictor of tree susceptibility to disease (Waring 1 983).

Various management techniques can be used to improve tree vigor in a
stand. Thinning reduces stand density and competition for light among tree crowns,

which leads to an increase in growth efficiency (Waring 1983). In Douglas-fir
stands, O'Hara (1990) found a significant increase in cubic feet/acre production and
tree size with increasing thinning levels.

Nitrogen appears to be a natural limiting factor of forest soils in the Pacific

Northwest (Moore 1988, Troth et al. 1986), and stand fertilization can be an
important management practice. It is thought to increase photosynthesis and vigor

(Waring 1983), and foliage dry weight (Wickman et al. 1992). Moore et al. (1991)
found a significant increase in Douglas-fir cubic feet/acre 6 years after a nitrogen
fertilization treatment on study sites across the inland Northwest. In general, little is

known about the effects of adding nutrients other than nitrogen (VelázquezMartInez et al. 1992).

Fertilization and thinning, considered both as separate and interacting
treatments, resulted in an increased gross volume and diameter in a 6-year study

on Douglas-fir in Canada (Hall et al. 1980). Moore (1988) found that moderate
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thinning combined with nitrogen fertilization increased growth compared to the

thinned-only plots. Miller et al. (1988) used results from a predictive model to
suggest that Douglas-fir cubic volume growth could be enhanced by nitrogen
fertilization, although gains in periodic annual increments on an area basis would be

higher, if fertilizers are applied in unthinned, not in thinned stands (on an individual
crop tree basis, they predicted opposite results).

The effects of pruning on tree growth have been poorly investigated (Hood
et al. 1991, O'Hara 1991). Previous studies reported a delayed increase in Douglasfir stem diameter, but results seem to vary depending on stand age and percentage

of crown removed (O'Hara 1991). In theory, pruning acts by accelerating the
natural process of self-pruning in forest-growing trees (Bergstrom 1 986). It

is

assumed to have a beneficial overall effect on tree development, because lower
branches receive little light, and thus their contribution to crown productivity is low
or none (O'Hara 1991).

Management practices may not only affect tree growth and vigor, but also
exert a direct influence on the pathogen. For example, fertilization may improve tree

vigor, but it could also provide additional nutrients to the pathogen, which could
increase disease incidence instead of reducing it. The effect of thinning has been
found to be highly variable (Klein-Gebbinck et aI. 1991). Kile et al. (1991) state in

their review that thinning may increase the inoculum potential of Armilaria by
providing a greater amount of dead substrate in the form of stumps (also: Hood et
al. 1991, Wargo and Harrington 1991, Bloomberg and Morrison 1989, Stanosz and

Patton 1991, Mallet 1990). The effect of substrate build up can be minimal in the
case of young stands, because the amount of substrate left is relatively small (Filip

et al. 1989). In contrast, Hood et al. (1991) said that thinning may promote
resistance to disease by reducing crown competition (also: Hagle and Shaw 1991).

For example, thinning prevented trees from being suppressed in oak and Scotch-
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pine plantations (Davidson and Rishbeth 1988), and could reduce stand losses due

to laminated root rot in Douglas-fir as proposed by Oren et al. (1985). Thinning can
also produce a so-called "thinning shock" (Hall et al. 1 980, Moore 1 988), and trees

can become more susceptible before the benefits of release from competition are
evident. If there is a time lag before disease becomes established, the results are
often different (Wargo and Harrington 1991). Pruning stress has been shown to be

harmful to trees that were already infected by Armilaria (Hood et
Fertilization can also have opposite effects, either

al. 1991).

by improving the tree's

physiological status (Hood et al. 1991), or by increasing inoculum potential (Redfern
and Filip 1991, Pearce and Malaczuk 1990).

If values for growth efficiency are compared before and after a disease has

been established, it provides information about disease impact. Previous studies
have shown that vigor and growth decreased after Armilaria infection (Entry et al.
1990, Livingston 1990, Bloomberg and Morrison 1989).

The effects of management practices on disease impact are still not
completely understood (Hood et al. 1991, Hagle and Shaw 1991). However,
cultural practices are often the only disease management option available, because
in some cases the current tree species is susceptible (i.e. Douglas-fir), and/or direct

reduction of inoculum, through means such as stump removal, is economically
unfeasi ble.

In a previous study of tree vigor (Velázquez-MartInez et aI. 1992), four
Douglas-fir plantations were thinned, fertilized and pruned in all combinations. After

some years, trees in the plantations began to express mortality due to Armillaria
root disease. In this study, the continuing effect of these treatments on tree growth

efficiency and stem radial growth was first estimated. Then, the relationship
between growth efficiency and disease incidence and distribution was studied. The
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hypothesis was that the incidence of Armillaria root rot would be greater in those
trees with lower growth efficiency.

Materials and methods

Research area

This work was done at the H.J. Andrews Experimental Forest (Blue River
Ranger District, Willamette National Forest), in the central portion of the western
Cascade Mountains in Oregon. All sites were situated within the Tsuga Heterophylla

Zone (Franklin and Dyrness 1973), where western hemlock (Tsuga heterophylla

Sarg.) and western redcedar (Thuja pilcata D. Don.) constitute the climax tree
species, and Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco var. menziesii)

occurs in large areas as a dominant, sub-climax species. Four sites, previously
uncut, were harvested and slash-burned between 1 958 and 1 965, and planted with

Douglas-fir (Table 3). Since then, some natural regeneration of Douglas-fir, western

hemlock and western redcedar has occurred. At the time treatments were applied,

sites were densely stocked (3 - 4,000 stems/ha). Mortality was not noted at that
time.

Silvicultural treatments

In 1981, a study to determine tree growth response to different silvicultural

treatments was initiated by Dr. David Perry and colleagues at Oregon State
University (Velázquez-MartInez et al. 1992). Four harvest units ("sites") were

chosen to start the experiment in 1981. Each one of the sites was considered a
replicate of a split plot design. Each replicate was divided into three plots. One plot
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Table 3 Topographic characteristics of the sites, and dates of planting.
Site

Mean
elevation

Slope
(%)

(m)

Aspect Area used in
the
experiment

Date of planting

(ha)

L107

Liii

L405
L701

705
732
854
854

41

N

4.1

43
23
42

W

5.6
4.6
6.8

S
S

1959 and 1963
1966
1963
1960, 1962 and
1963

was thinned to 300 trees/ha (low density), one thinned to 604 trees/ha (medium

density), and one left unthinned (high density) averaging 3459 trees/ha. Each
thinning plot was then split into four subplots, and the following treatments were
applied: 1) fertilized only, 2) pruned only, 3) pruned and fertilized, and 4) untreated

control. All subplots initially contained 50 trees, and thus, varied in area.

Each

subplot was surrounded by a 10 m buffer strip.

Fertilization was done by burying slow-release "complete" fertilizer tabs
around each tree (each tab contained: 4.2 g N, 2.1 g P. 1.0 g K, 0.55 g Ca, 0.34 g

S and 0.07 g Fe). Number of tabs per tree varied with dbh, in order to match
fertilization level to tree size. Pruning consisted of removal of the lower branches of

the crown. Trees with average dbh or larger had 20 - 40 % of the live crown
removed; smaller trees had 0 -i 5 % removed. Details of the treatments are in
Velázquez-MartInez et at. (1 992).

Tree growth analysis

D. Perry and colleagues provided the dbh measurements of all trees within

the subplots for the years 1983, 1985 and 1987. They also measured sapwood
area for these same years by taking increment core samples (2 per tree) of 1/3 of
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the trees in each subplot (results of their analysis were published in VelázquezMartInez et al. 1992).

With this information regression lines between dbh and

sapwood area were calculated in order to estimate sapwood area of the rest of the

trees in each subplot for 1983, 1985 and 1987. All trees were remeasured in
1 993. From the sapwood area, leaf area (LA) was calculated (Table 4). Radial

growth (RG) and growth efficiency (GE) for the periods 1983-1985, 1985-1987
and 1 98 7-1 993 were calculated on an individual tree basis (Table 4). Biomass was

estimated from dbh based on equations for Douglas-fir proposed by Gholz et al.
(1979) (Table 4). LA estimates were based on equations in Waring et al. (1982),
page 558 (Table 4). GE calculations were based on Waring (1983) (Table 4). An
ANOVA was used for each time period, in order to determine whether there was a

difference in radial growth and growth efficiency among treatments (significance

level of 0.05).

Means of significant interactions were compared with Bonferroni

tests. A logarithmic transformation of the data was necessary to fulfill the test
assumptions.

Disease

In

assessment and analysis

1 993, all trees on the subplots and within the buffer zone were inspected

for aboveground symptoms of Armillaria root disease, such as foliage loss,
chlorosis, and stem resinosis. Trees were classified as asymptomatic, symptomatic,

or dead. Portions of the bark at the base of the stem of all symptomatic and dead

(and some randomly selected asymptomatic) trees were removed to look for
mycelial fans and rhizomorphs.

Main roots of symptomatic (and some randomly

selected asymptomatic) trees were excavated up to a radial distance of 1 m from
the stem, to check for the presence of rhizomorphs or mycelial fans. The presence
of lesions on the roots and stem resinosis were used to assess the aggressiveness
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Table 4 Formulas used in vigor and growth calculations
Leaf Area

LA = 0.47 x Sapwood Area a

(m2)

Radial Growth
(cm/2yr)
Growth
Efficiency
(kg/m2.yr)

RG =
GE

[dbh(year 2)/2] - [dbh(year 1)/2]

b

= EBiomass(year 2) - Biomass(year 1)]/
Leaf Area(year 1) x (year 2 - year 1)

a

0.47 factor was obtained from Waring et al. (1982). Sapwood Area was obtained
from the relationship dbh/sapwood width at each subplot, for each time period.
b
RG was calculated for 2-yr periods. In the '87-'93 period, the result was divided
by 3, to obtain an average for the 3 2-yr period average.

of the fungal attack. Dead trees were also inspected to determine cause of death,
and their general appearance was recorded in, order to estimate the time of death.

Percent disease incidence in each subplot was calculated as the number of

Armilaria-affected (symptomatic and dead) trees divided by the total number of

trees. All trees which died before 1993 were identified from previous records.
Symptomatic and dead trees were mapped.

Data from subplots with disease were used in the correlation analysis.
Correlations of disease incidence with average growth efficiency and radial growth

corresponding to the 1 983-8 5 and 1 98 7-93 periods, and with average dbh from
1983, 1985, 1987 and 1993, were calculated.
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Results

Tree growth analysis

Site had a significant effect on growth efficiency (GE) and radial growth (RG)

in all time periods (Tables 5 and 6). The range among the four sites was 0.18-0.29

kglm2.yr for GE, and 0.74 -0.99 cm/2yr for RG. Thinning had the most influence

on growth response among all the silvicultural treatments. On all sites, lower
densities resulted in faster RG and larger tree diameters, and greater values of GE
across all time periods (Table 7, and Figures 9 and 10).

In 1983 average dbh of the high density treatment equaled 10.1 cm,
medium density was 13.9 cm,

and low density was 15.7 cm. Ten years later,

differences among density levels were even greater, averaging 1 6.3, 22.4 and 27.0
cm, for high, medium and low density, respectively (Table 7).

Thinning significantly increased GE in all time periods (Table 7 and Fig. 9).

For example, the 1987-93 means were: 0.16, 0.25 and 0.31 kg/m2.yr for high,
medium and low density respectively. Comparing the first with the last time period,
GE experienced an overall reduction at high density (from 0.18 to 0.16 kg/m2.yr),

a

slight increase at medium density, from 0.24 to 0.25 kg/m2.yr and a larger increase

at low density, from 0.28 to 0.31 kg/m2.yr (Table

7).

Neither pruning nor

fertilization had a significant effect on GE. However, thinning, pruning and fertilizing
combined significantly influenced GE at the first time period, and nearly significantly
at

the

second

time

period

(Table

5).

Means

of

GE

obtained

with the

thinning+pruning+fertilization treatments are compared among subplots in Figure

11. The 1 987-93 period was not considered because the three treatments
combined did not have a significant effect on GE.

47

Table 5 Split plot ANOVA for log(growth efficiency) for each time period
df

1983-1985
MS

Site
Density
Error a
Pruning
Fertiliz.
Pr. x Fert.
Dens. x Pr.
Dens.x Fert.

D. x F. x P.

Errorb

3
2

6
1

1
1

2
2
2

27
47

Total

0.16
0.84
0.14
0.02
0.00
0.03
0.04
0.04
0.11

1985- 1987

Pr>F
0.0021*
0.0376*
0.0006*
0.3429
0.8959
0.2800
0.2474
0.2294
0.0220*

MS

0.25
0.93
0.04
0.00
0.02
0.01
0.01
0.01

0.03

0.02

1987-1993

Pr>F
0.0001*
0.0016*
0.0027*
0.8637
0.1709
0.4371
0.5382
0.5672
0.0688

MS
0.41

1.74
0.24
0.01

0.00
0.01

0.00
0.01

0.03
0.02

0.01

Pr>F
0.0001*
0.0245*
0.0001*
0.6140
0.6444
0.5176
0.9318
0.7546
0.2433

Asterisk indicates significance at the 0.05 level.

Table 6 Split plot ANOVA for log(radial growth) for each time period
Source of
variation
Site
Density
Error a
Pruning
Fertiliz.
Pr. x Fert.
Dens. x Pr.
Dens.xFert.
D. x F. x P.

df

1983-1985
MS

3
2

6
1
1
1

2
2
2

Errorb

27

Total

47

0.06
0.84
0.02
0.04
0.00
0.00
0.01
0.01

0.00

Pr>F
0.0008*
0.0002*
0.1035
0.0407*
0.7170
0.4599
0.5421
0.2123
0.9382

0.01

1985-1987
MS

0.04
0.71

0.00
0.01

0.00
0.01

0.00
0.00
0.02
0.01

Pr>F
0.0135*
0.0001*
0.8208
0.2758
0.7113
0.4322
0.9002
0.6401
0.1732

1987-1993

0.01
0.01

Pr>F
0.0001*
0.0011*
0.0001*
0.2017
0.3429

0.00

0.7621

0.01
0.01

0.1424
0.4049
0.7649

MS

0.10
1.39
0.05

0.00
0.01

Asterisk indicates significance at the 0.05 level.

Radial growth was significantly increased by thinning at all times (Table 6,
and Fig.

10). For example, RG means in the 1987-93 period were: 0.48, 0.79 and

1.1 cm/2yr, for high, medium and low density, respectively (Fig. 10). Pruning alone

had a significant effect on RG only during the 1 983-8 5 period.

Leaf area also
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Table 7 Diameter (first and last year of measurement), growth efficiency (first and
last period) and disease incidence (1993) averaged by subplot. Numbers within
parentheses are standard errors of the means (n=4).

Subplot

Plot

Growth efficiency
(kg/ m2.yr)

Diameter
(cm)

H

F

10.7
9.6
9.8
10.4
10.1
13.8
14.4

P

13.1

P+F

14.4
13.9
16.8
14.3
17.0
14.9
15.7

C
F

P

P+F
mean
M

C

mean
L

C
F

P

P+ F
mean

H = high

(control)

1983
(2.22)
(2.53)
(1.40)
(2.71)
(2.12)
(2.18)
(1.62)
(2.19)
(1.25)
(0.37)
(2.49)
(0.71)

density,

17.8
16.0
15.8
15.7
16.3
22.3
23.1

1993
(2.49)
(3.19)
(1.76)
(2.80)

21.0
23.2
22.4
29.0
24.9
28.2
25.8
27.0

(1.83)
(1.93)
(1.52)
(1.79)
(1.58)
(0.41)
(2.99)
(0.88)

M = medium

Disease
incidence
(%)

1993

0.14
0.22
0.19
0.17
0.18
0.24
0.23
0.24
0.24
0.24
0.32
0.28
0.26
0.26
0.28

density,

(0.02)
(0.05)
(0.04)
(0.02)
(0.02)
(0.01)
(0.01)
(0.01)
(0.02)
(0.01)
(0.06)
(0.06)

L = low

0.16
0.17
0.18
0.14
0.16
0.25
0.25
0.24
0.26
0.25

(0.06)
(0.04)
(0.04)
(0.03)

0.31
0.31

(0.02)
(0.01)
(0.01)
(0.02)

0.30
0.31
0.31

density,

(0.04)
(0.03)
(0.03)
(0.03)

1.7

3.3
7.5
2.7

3.8
8.9
5.2
5.7
4.7
6.1

5.3
4.0
11.7
1.5

5.6

C = no

treatment,

F=fertilized, P=pruned, and P+F=pruned and fertilized.

increased as density decreased, with means of: 41 .4, 74.3 and 99.5 m2, for high,
medium and low density, respectively, in the last year (Table 8).

Disease assessment and analysis

None of the 1 2 subplots on site L701 had symptomatic trees, although some

symptomatic trees were found in buffer areas. On the remaining 3 sites, 23 of the
36 subplots were infested. Disease incidence on these subplots ranged from 2 to
20%. Spatial distribution of disease varied from site to site. On site L107, patches

of a few affected trees intermingled with asymptomatic ones. The area of the
patches ranged between 300-700 m2 (Fig. A.1).

On site L405, most of the
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Figure 9 Growth efficiency by density level and treatment.
H=high (control) density, M=medium density, L=low density, C=no treatment,
F=fertilized, P=pruned, and P+F=pruned and fertilized.
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Figure 10 Radial growth by density level and treatment.
H=high (control) density, M=medium density, L=low density, C=no treatment,
F=fertilized, P=pruned, and P+F=pruned and fertilized.
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Figure 11 Comparison of subplot means for logarithm of GE for 1 983-85 (right side
of the diagonal), and 1985-87 (left side of the diagonal). Shaded cells indicate that

the means compared are significantly different at the 0.05 level. H, M and L =
high, medium and low density. C = no treatment, F = fertilized, P = pruned, P+F
= pruned and fertilized.

diseased trees were concentrated in a few areas, forming large patches with few, if

any, asymptomatic trees within patches. Larger disease patches ranged from 800

to 2000 m2 (Fig. A.3). Site Li ii seemed to be intermediate between the two sites
previously described. L70i had only two small disease centers, which were located

outside of the subplots. On a temporal scale, mortality rates for all sites and plots

combined, ranged from 2 to 3.5 trees/yr, until year 1987. After 1987, rates
increased to 7.6 trees/yr. not considering trees that were highly symptomatic but
still green in 1993.

Armillaria incidence, when averaged according to site and density, was the

highest at medium density (6.1 %), slightly lower on the low density (5.6 %), and

lowest on the control plots (3.8 %) (Table 7). All incidence values showed a
relatively high variation among treatments within density levels.
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Table 8

Tree leaf area averaged by subplots

Subplot

Plot
H

C
F
P

P+F
mean
M

C
F

P

P+F
mean
L

31.8
55.4
60.5
47.4
57.2
55.1

F

72.5
55.8

P

76.1

C

P+F

59.8
66.1

mean

H = high

Leaf area (m2)

1983
36.3
31.6
28.1
31.2

(control)

density,

1985
41.9
41.4
33.7
38.8
38.9
64.2
73.0
61.4
73.1

67.9
97.9
76.5
92.2
75.9
85.6

1987

42.6
41.9
37.9
43.3
41.4
73.1

79.0
67.8
77.6
74.4
121.0
81 .3

108.3
87.2
99.5

M = medium

density,

L = low

density,

C = no

treatment,

F=fertilized, P=pruned, and P+F=pruned and fertilized.

Correlation analysis between disease incidence on subplots in 1 993 and tree

growth responses in the first and last periods of the experiment did not show any
significant relationships. Correlation coefficients ranged from 0.13 to 0.30,

suggesting that disease incidence was poorly related to any of the growth variables
considered (Table 9).

Disease and individual tree vigor

To study the relationship betweeen tree growth and disease, trees within

subplots were grouped as: a) asymptomatic, b) symptomatic and c) dead after
1 987. Symptomatic included only trees with visible Armi/aria infection. In the 1 993

survey it was determined which trees were killed by Armilaria. From the trees killed

by Armi/aria, the ones that died after 1 987 were selected, based on the previous
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Table 9 Correlation between disease incidence of subplots in 1993, and tree
growth variables (only subplots with Armi//aria mortality were included in the
analysis). Pearson coefficient, n = 23. None of the coefficients were significant at
the 0.05 level.
Variable

Growth efficiency 1983-85
1987-93
Radial growth 1983-85
1987-93
dbh 1983
1985
1987
1993

Correlation
coefficient
0.30
0.11

0.15
0.20
0.13
0.14
0.16
0.16

records of mortality. These trees were included in group "c". Means of GE and RG

were calculated for each group for each time interval, and the means of logtransformed data of groups "b" and "c" were compared with the asymptomatic
group mean ("a"), using t-tests (Figures 1 2 and 1 3).

Trees that died after 1 987 (group "c") had growth efficiency values of 0.22
kg/m2.yr in the 1983-85 period and 0.16 kg/m2.yr in the 1985-87 period (Fig. 12).
Symptomatic trees in 1993 (group "b") measured 0.25, 0.23, and 0.22 kg/m2.yr in
the 1 983-85, 1 985-87, and 1 987-93 periods, respectively. Asymptomatic trees in

1993 (group "a") measured 0.25, 0.26, and 0.26 kg/m2.yr in the 1983-85, 198587, and 1987-93 periods, respectively (Fig. 12). GE mean of the dead tree group

was statistically different from the asymptomatic group in 1 985-87. GE mean of
the symptomatic tree group was statistically different from the asymptomatic group
in 1987-93 (Fig. 12).

Trees that died after 1987 (group "c") had radial growth values of 0.77
cm/2yr in the 1983-85 period and 0.63 cm/2yr in the 1985-87 period (Fig. 13).
Symptomatic trees in 1993 (group "b") measured 0.93, 0.94, and 0.78 cm/2yr in
the 1 983-85, 1 985-87, and 1 987-93 periods, respectively. Asymptomatic trees in
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Figure 12 Averaged growth efficiency of grouped trees along time periods. Means

were tested for significance comparing asymptomatic with symptomatic, and
asymptomatic with dead, separately. No comparisons were made between dead
and symptomatic groups, or among time periods. Means with the same letters do

not differ significantly at 0.05 level. Tests of significance were done with logtransformed data.

1993 (group "a") measured 0.91, 0.94, and 0.89 cm/2yr in the 1983-85, 198587, and 1987-93 periods, respectively (Fig. 13). RG mean of the dead tree group
was statistically different from the asymptomatic group in 1 985-87 (Fig. 1 3).

Discussion

Tree growth analysis

The significant effect of site on growth efficiency (GE) and radial growth
(RG) showed that considering site

a

"block" in the experimental design was

appropiate. As expected, differences in response among sites may correspond to
different ecological conditions, such as altitude, slope and aspect (Table 3).
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Figure 13 Averaged radial growth of grouped trees along time periods. Means were
tested for significance comparing asymptomatic with symptomatic, and
asymptomatic with dead, separately. No comparisons were made between dead
and symptomatic groups, or among time periods. Means with the same letters do

not differ significantly at 0.05 level. Tests of significance were done with logtransformed data.

Thinning was the only cultural practice that significantly increased GE at all

time periods. Bonferroni tests showed that GE means among density levels were
always significantly different. Thinning is commonly reported to strongly influence

tree growth (O'Hara 1991, Moore 1988, Peterson et al. 1984, Hall et al. 1980).
These results also agree with the earlier study from the same sites; VelázquezMartInez et al. (1992) found a definite effect of density on GE, and no significant

effect from either pruning

or

fertilizing. When all treatments combined were

considered, the significance of their effect gradually decreased with time. Low

probability values of this combination in 1983-85 and 1985-87 were due to a
negative interaction. At high density, fertilized or pruned subplots tended to have a
higher GE than untreated ones, whereas at low density treated subplots tended to

have a lower GE than untreated ones. The definitive lack of significance of all
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treatments combined in 1 987-93, is because in all density levels, most untreated
subplots had slightly higher GE than treated ones. This means that at the beginning

of the experiment, although intense thinning substantially increased tree vigor, the
simultaneous application of either pruning or fertilizing (or both) was ineffective at

best, or detrimental, at worst.

Although not statistically different, the higher GE at high density in 1983-85

for fertilization alone, implies that supplying additional nutrients to a soil that may
be overexploited due to high tree density may be beneficial to tree vigor (VelázquezMartInez et al. 1 992). In fact, some nutrients such as nitrogen seem to be a limiting

factor in Douglas-fir forests (Moore et al. 1991, Troth et al. 1985). However, GE
dramatically dropped in the next time period. This indicates that fertilizers might
have had a short term effect on tree growth. Previous studies show that fertilizers
can vary in the duration of their effect, from 1 year (Troth et al. 1 985) to 2-6 years
(Moore 1988, Hall et al. 1980).
Pruning alone caused an increase in GE (although statistically non-significant)

at high density in the two last time periods. This may also be related to an
excessively dense forest. If little light penetrates the canopy, lower branches may
represent a resource sink that reduces tree vigor. Higher GE in the pruned subplots
did

not correspond to higher RG.

In

fact, pruning does not always have a

measurable effect on diameter growth (O'Hara 1991). Reduction in leaf tissue by
pruning seemed to correspond with a reduction in sapwood area in the high density

plots, as shown by lower LA values in 1983, 1985 and 1987.

Treatments and disease

Based on the results of growth analysis, it is assumed that thinning produced

a significant increase in tree vigor, even at the first time period. Enhancement of
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tree vigor at low densities did not correspond with low Armillaria root disease
incidence values on either plots or subplots. Several factors may account for this
fact. First, subplots with similar GE or RG values had highly variable disease

incidences, which resulted in lack of correlation. Second, higher disease incidence
values were often observed in subplots with a higher GE (lower densities).

Some other studies in the western U.S. have examined the effects of
thinning at young age on Armillaria root disease. G.M Filip and H. Goheen (in press)

found no differences in Armillaria root disease mortality between thinned and
unthinned plots. They measured Douglas-fir and western hemlock mortality 10 yrs.

after precommercial thinning on sites west of the Cascade range in Oregon and

Washington. Although vigor was not measured, radial growth was significantly
increased by thinning in only some of the plots. Filip et al. (1989) applied similar
treatments in ponderosa pine stands in central Oregon. After 20 years they found
higher mortality in unthinned plots, while diameter growth was significantly higher
in thinned plots. The different results of the two studies may be due to differences
in tree species susceptibility or in the ecological conditions. The first study may be
considered more comparable to our situation.

If disease incidence in the subplots was not correlated with tree vigor, what

other factor or factors may have determined the amount of disease in the sites ?

One possibility is that disease incidence is more closely related to the spatial
distribution of the inoculum, than to tree vigor. This means that disease incidence is

higher in places where, for historical reasons, there was more inoculum potential
and quantity, and that this inoculum was the principal cause of mortality, regardless

of the silvicultural treatment applied. Although the inoculum distribution was not
determined in this study, we can safely assume that it was not uniform within the
sites. This would explain why, for example, on site L405 the low density, pruned (L
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P) subplot, a subplot with high GE, shows also high disease incidence (20 %)
(Figure A.2).

Disease and individual tree vigor

Given the possibility that inoculum distribution was not uniform, it seemed

more appropriate to compare GE means
of

of trees individually,

independently

their treatment. Only infected subplots were considered in this analysis. The

basic assumption was that once the fungus was present on a given subplot, any
preference for less vigorous trees would be detected.

No such preference was

detected, however. In the earliest time periods, there was no difference in GE or RG

between currently asymptomatic trees and symptomatic or trees killed after 1 987

(Fig. 12). In 1983-85, trees alive but symptomatic in 1993 were indistinguishable
from trees that stayed healthy. In 1983-85, trees that died after 1987 had slightly
(non-significant) lower GE and RG than trees that showed no symptoms in 1993.

Reduction in stem diameter growth caused by Armillaria root disease has been
reported previously (Entry et al. 1990, Bloomberg and Morrison 1989, Hood 1989,

Williams et al. 1986, Morrison 1981).

Consequently, a reduction in GE after

infection, is also likely to occur. If the initial hypothesis is true, then GE of

symptomatic and dead trees (groups "b" and "c") had to be significantly lower than

asymptomatic trees before they became infected by Armilaria, but the data do not
support this.

The time at which diseased and dead trees became infected could not be
determined in this study. Bloomberg and Morrison (1989) stated that growth decline

in infected trees can serve as an approximate measure of how long ago infection
occurred, but that there is an initial period following infection during which growth

reduction cannot be detected. They estimated that the fungus moved along the
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roots at up to 10 cm/year, and that infection might have occurred at least 2-3
decades before growth reduction was detected in severely infected 80-100 year-old
Douglas-fir trees. Thus, it might be argued that the observed decrease in GE and RG

of symptomatic trees, or trees dead in 1987, in the present study, resulted from
infection rather than preceding it.

Trees belonging to the symptomatic group had an average diameter of 18.4

cm in 1987, and were 21-27 years old. Trees that died after 1987 might have

started to show GE reduction around the '83-'85 period, based on the slight
difference in GE between this group and the asymptomatic group in '83-'85.
Following the above assumption, infection had to start around that period, with
trees becoming infected and killed within a period of 2-4 years. This does not seem
a likely scenario. Rather, it seems more likely that trees were already infected when

they started to show a reduction in GE or RG. Although our evidence is insufficient

to disprove our initial hypothesis, results suggest that decreasing GE in infected
trees was a result, not a cause, of extensive root infection.

Entry et al. (1991

b)

inoculated Douglas-fir (P. menziesii var. glauca) in

plantations 10 years after plots were thinned, thinned and fertilized or left

untreated. They found that inoculation success was highest on thinning and
fertilization plots, intermediate on untreated plots, and lowest on the thinning only
plots. Although vigor (GE) was not different between thinned and thinned/fertilized

treatments, higher leaf area and stem growth in thinned/fertilized trees was
hypothesized to have changed the ratio of sugars to phenolic compounds in the

roots, thus favoring the fungus (see Review of Selected Topics). In

our study,

differences in GE among treatments were comparable with differences in RG. On

the other hand, values of RG were initially similar between symptomatic and
asymptomatic trees (Fig. 1 3). Differences in host and fungus genetics may account

for different results between the present study and Entry et al. (1991 b).
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Some authors have stated that less vigorous or stressed trees have a higher

susceptibility to Armillaria root disease (Wargo and Harrington 1991, Hadfield et al.
1986, Buckland 1 953). Particularly A. ostoyae on Douglas-fir and other susceptible

conifer species in forests west of the Cascade range in the Pacific Northwest
(Hadfield et al. 1986), where the disease is less severe, as compared to forests
east of the Cascades (McDonald 1 990 a and b, Morrison et al. 1 985 a, Morrison
1981). However, our results do not seem to support the idea that less vigorous

trees have a higher susceptibility to Armi/aria.

Density

plots with the

lowest

average vigor had the least disease (Table 7) and less than ten years ago currently
symptomatic trees were of equal vigor to trees that stayed healthy (Fig. 1 2).
Some authors have determined that there is a tree age component in coastal

forest susceptibility. It is suggested that susceptibility to Armi/aria declines after
age 1 5, and healthy trees are seldom killed after age 25-30 (Hadfield et al. 1 986,

Morrison et al. 1985 a, Johnson et al. 1972, Foster and Baranyay 1971). If the
higher susceptibility of young trees is not influenced by their vigor, it may explain
our findings, because our experiment was done on relatively young plantations (2734 years old). However, as indicated by our results, mortality rates were higher in

the last years than at the beginning of the experiment, and there are no reasons to
suspect they will significantly decrease in the near future. Moreover, we may have

underestimated the actual number of infected trees, because a proportion of them
are likely yet not showing aboveground symptoms (Filip 1 986).

Reasons for an increase

in

mortality- may be due to changes in stand

structure as trees grow up. Although old growth stumps left from the initial cut may
be colonized by Armillaria, the second rotation stand does not experience extensive

infection until tree roots are big enough to, a) contact each other to favor tree-totree spread of mycelium, and

b) last long in the soil after the tree is killed, to
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provide a durable source of inoculum (Morrison and Pellow 1 993, Klein-Gebbinck et

al. 1991).

Foster and Baranyay (1971) suggested that artificially regenerated forests

can be more prone to Arm/I/aria damage due to creation of unnatural conditions

associated with the process of planting (i.e. the effect of malformed roots:
Buckland 1 953, Livingston 1 990) and the modification of the environment. More

recently, human disturbance was considered as a possible factor that influences
disease severity (Harvey 1990, McDonald et al. 1987), by modifying the equilibrium

between host and fungus (Morrison et al. 1991 a).

If special conditions were

created as a consequence of the artificial establishment of the plantations on our

sites, such as an increase of inoculum potential by leaving the stumps from the

previous old growth stand, then tree chances of infection might have been
increased in such a way that the vigor differences among subplots or trees could
have little effect.

Comparisons between disease incidence values in this paper and other

studies under similar conditions were considered of special interest, although
available information is scarce. Disease incidence was reported to range from 1-1 2

% in 5-27 year old Douglas-fir plantations in western Oregon, Washington and
British-Columbia (Filip and Goheen, in press; Filip 1979, Johnson et al. 1972), on
areas

of 0.3-4 ha. In the present study incidence ranged from 1 .7-1 1 .7 % at a

scale of 0.1 ha (the approximate size of one subplot). Comparisons at this level are

probably inappropriate, because much of the information was obtained from sites

that were of interest to pathologists, likely presenting an unusually high level of
disease. Information at a broader scale is more useful. The only estimation on such

a scale was made by Morrison (1981), who established that mortality in coastal
British-Columbia

Douglas-fir

and

western

hemlock was usually below

1 %.

Considering that our study sites were initially chosen from the silvicultural point of
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view, not pathological, and that the scale of our surveys was relatively narrow, it is

assumed that disease severity is somewhat higher than the previously mentioned
reports.

In synthesis, it is suggested that disease incidence in this study is higher

than that observed in other similar studies on Douglas-fir west of the Cascade
range. It is also indicated that although our stands are at the end of the first 30
years of age, mortality is not declining. Armilaria in our sites seems aggressive
enough to produce mortality regardless of the vigor status of the host. Thus, the

location of disease centers may be principally determined by the distribution of
inoculum sources. Size and intensity of disease centers may depend on the number

of contacts among root systems of trees and old-growth stumps. Finally, it

is

possible that the relatively higher disease incidence that may occur in the study
sites is mainly a consequence of increased inoculum potential as a result of

harvesting the previously infected stand.
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CONCLUSIONS

Tree vigor and treatments

Results of the effects of treatments on growth efficiency in this study were,
as expected, similar to those obtained by Velázquez-MartInez et al. (1992), despite

the fact that in this study growth efficiency was calculated on an individual tree
basis (Oren et al. 1 985), instead of calculating it on a per-hectare basis. This meant

that it was not necessary to measure the stem density of the subplots, and
therefore, the use of one more estimate was avoided.

The concept of growth efficiency seems to be based on an adequate tree
growth and nutrient allocation model. However, calculations of growth efficiency,
particularly through

indirect measurements, need further substantiation.

For

example, the use of increase in dbh to predict increase in aboveground biomass
should be considered accurate only if there is a direct relationship between the two
parameters. Knowing that tree nutrient allocation varies with stand age and degree

of resource competition (St.Clair 1 993), it is possible that changes in biomass will

not be precisely reflected by dbh growth. Another example is the estimate of leaf
area from sapwood area. Pothier et al. (1989) found that sapwood area-leaf area
correlations varied with stand development, associated with variations in sapwood
permeability.

Tree growth was substantially influenced by thinning, and neither fertilization

nor pruning showed an important effect. This is somewhat surprising, because
many other studies (i.e. Stegemoeller and Chappell 1991, Hall et al. 1980) reported

a significant positive interaction between thinning and fertilization. Different results

among studies may be due to different stand conditions, intensity of thinning and
amount and type of fertilizer applied. In our case, it can be hypothesized that due to
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characteristics of the sites, thinning provided enough release from competition, not

only for light, but also for nutrients, hence, making unnecesary the addition of
fertilizer. This implies that the system has to be well understood before determining
the utility of applying certain silvicultural treatments.

Disease characteristics and imDact

Armilaria ostoyae was the only Armilaria species causing tree mortality.
Few, large genets characterized the population structure of this species, suggesting

that vegetative spread over a long period of time was the dominant event in
occupying the area.

In this study, Armillaria ostoyae seemed to be aggressive enough to produce

mortality where it was present, regardless of the vigor status of the host. This
appears to contradict the common belief about the impact of Armillaria root disease
in coastal Douglas-fir.

Disease management

The present study suggests that damage caused by Armillaria root disease is

not necessarily reduced by improving tree vigor; particularly, in cases like ours, in

which host condition has little influence on infection and subsequent killing by the
fungus (Hagle and Shaw 1991).

In highly affected sites, it may be best to consider a change to more
resistant crop species in the long term. In the short term, in places where disease

patches are large and easy to identify, symptomatic trees within the patches and
surrounding trees can be cut to restrict disease expansion. Where disease patches
are small it may not be necessary to restrict disease expansion.
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In all cases, root disease centers should be mapped in order to orient disease

management activities in future rotations. This is very important because it is not

possible to identify all potential disease centers (that is, sources of inoculum) at
early stages of plantations (Morrison and Pellow 1 993), when trees are not big

enough to establish an important number of root contacts. When plantations are
being established, areas of previous disease centers may be avoided, planted with

less susceptible species, or if economically feasible, a direct reduction of inoculum
may be carried out (Morrison and Pellow 1993).

Further suggestions

To achieve further validation of the results obtained in the present study it is
suggested to:

1) In stands where mortality is evident, measure the spatial relationship between
diseased trees, and old-growth and thinning stumps. This may provide a clue to
the importance of primary and secondary spread of the pathogen

2) Follow Armillaria root disease mortality throughout the entire rotation to detect
eventual changes in host susceptibility with tree age.

3) Carry out inoculation trials on trees subject to different silvicultural treatments,
measure tree growth efficiency in subsequent years, and compare these values

with the disease severity. Additionally, analyses of host carbon reserves,
phenolic compounds and nitrogen contents may help to interpret the nature of
the infection process and the host defense

inoculation trials,

is

reactions. An alternative to

to compare areas in which silvicultural treatments are

applied, with untreated areas that have similar disease incidence, under the
assumption that the inoculum load is comparable.
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4) Make extensive surveys in coastal Douglas-fir forests to determine the impact of
Armillaria root disease. Establish the relationship between disease incidence and

characteristics and history of the stands, community type and site productivity
(to test the hypothesis of maladaptation). A further step may be to explore the

relationship between disease incidence and microsite characteristics within a
stand.

5) In these extensive surveys, search for the presence of Armilaria. Identify the
Armilaria species, the host, describe the fungal behavior, spread patterns and
abundance.
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APPENDIX 1

Maps of Armillaria root disease centers

Figures Al, Al, A.3 and A.4

Maps of Armillaria root disease centers of sites L107, Liii, L405 and L701,
respectively. Dots represent Armilaria symptomatic and dead trees. H = High
density plot, M=Medium density plot, and L=Low density plot. C=Control
subplots, P = Pruned subplots, F = Fertilized subplots, and PF = Pruned and fertilized
subplots. Segments represent 20 m.
Note: Disease centers in the northwest area of site Li ii (Fig. A.3), were
characterized but not mapped. This area is represented by a blank polygon.
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